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Abstract
 .The purpose of this study was to characterize time-dependent changes in pepsinogen PG synthesis of porcine gastric
chief cells during long-term monolayer culture. Porcine chief cells were isolated by pronasercollagenase treatment of
fundic mucosa and enriched by density gradient and counterflow centrifugation. PG isoenzymes were identified in
w 35 xL- S methionine-labelled cultured chief cells by native polyacrylamide gel electrophoresis followed by phosphor imager
analysis, protease detection and immunoblots with specific PG A and C antibodies. The obtained results suggest that
porcine chief cell cultures, after an initial settling period, reached an approximate steady state in total protein content and
synthesis as well as in PG content and isoenzyme pattern from days 3 to 9 of culture. The latter was characterized by the
presence of at least two PG A and two PG C isoenzymes. During the supposed steady-state total PG synthesis averaged out
w 35 xat 34"2% of total protein synthesis, as detected by L- S methionine incorporation, due to the synthesis of, mainly, PG
A2 and, to a much lesser extent, PG C and A1. In line with an active secretion, PG A2 proportion was on average
 .  .significantly higher in released 44"3% than in intracellular labelled proteins 19"2% . In addition, PG release from
chief cells cultured for 6 and 9 days could be stimulated by cholecystokinin-octapeptide. These data suggest that porcine
chief cells in monolayer culture are a model well suited for the quantitative and qualitative characterization of PG
isoenzyme synthesis and release during long-term investigations, for which an establishment of a culture steady state
appears to be a useful prerequisite. q 1997 Elsevier Science B.V.
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1. Introduction
 .Pepsinogen PG , the major secretory product of
gastric chief cells, has been a subject of research
w xsince the last century 1 . However, the investigation
of the pharmacological and biochemical regulation of
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PG synthesis and secretion has long been hampered
by the absence of a suitable in vitro model, particu-
larly since the interpretation of drug effects from in
vivo experiments has been difficult. The development
of methods for preparation of isolated chief cells was
therefore an important step, since in this model inter-
fering indirect drug effects, e.g. on gastric acid secre-
tion, the local release of PG secretagogues or the
 .central or peripheral nervous system, can be almost
w xexcluded 2–4 . However, during cell isolation and
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enrichment chief cells are usually exposed to prote-
olytic enzymes and are subjected to different cen-
trifugation steps. Therefore receptor damage or im-
pairment of post-receptor mechanisms during cell
w xisolation cannot be totally excluded 2,3 . A further
drawback of freshly isolated chief cells in suspension
w xculture is their rapidly decreasing viability 3 , which
complicates or prevents the characterization of long-
term drug effects, e.g on PG synthesis. Based on the
hypothesis that a transfer of freshly isolated chief
cells to a suitable culture system would allow the
recovery of impaired cell functions, chief cell cul-
w xtures from different species, including rat 5,6 , dog
w x w x w x w x7–11 , rabbit 12 , guinea pig 13,14 , man 12 and
w xpig 15 , were established. However, systematic in-
vestigations of the time course of the expected recep-
w xtor recovery 6,10 and of alterations of PG synthesis
w x16 during chief cell culture are scarce. We recently
showed a time-dependent recovery of the stimulatory
 .effects of cholecystokinin-octapeptide CCK-8 on
PG secretion of porcine chief cells during a 60-h
w xculture 17 . Besides the analysis of receptor recovery
and of secretory responsiveness, the characterization
of the biochemical capabilities of the cultured cells,
especially for PG synthesis, appears to be essential
for an assessment of the suitability of this model for
in vitro investigations. PG is the generic term for a
w xgroup of aspartic proteinase isoenzymes 1,18 . There
are marked species differences in the expressed PG
isoenzyme pattern. The major components of porcine
PG are the immunologically different PGs A EC
.  .3.4.23.1 and C EC 3.4.23.3 , which can be probably
w xfurther subdivided into several isoforms 19–22 . The
purpose of the present study was to characterize
time-dependent changes in the synthesis of PG isoen-
zymes by porcine chief cells during monolayer cul-
ture. To evaluate whether a biochemical steady state
is reached during cell culture, which appears to be a
useful prerequisite for the performance and meaning-
ful interpretation of long-term experiments, we kept
cultures for up to 9 days. PG isoenzymes were identi-
w 35 xfied in L- S methionine-labelled cells by means of
 .native polyacrylamide gel electrophoresis PAGE
w x w x23 followed by protease detection 24 , phosphor
w ximager analysis and immunoblots 25 with specific
PG A and C antibodies. Functional responsiveness of
the cultured chief cells was evaluated by measuring
the effects of CCK-8 on PG release The obtained
results suggest that porcine chief cell cultures, after
an initial settling period, reached an approximate
steady state in overall PG synthesis and PG isoen-
zyme pattern from culture day 3 to 9 and that the
cultured cells were responsive to CCK-8 stimulation
w x17 . Therefore this in vitro model appears to be well
suited for the quantitative and qualitative characteri-
zation of long-term drug effects on PG isoenzyme
synthesis and release of gastric chief cells.
2. Materials and methods
2.1. Materials
w 35 xL- S methionine, aqueous solution containing
0.1% 2-mercaptoethanol spec. act. ) 1000
.Cirmmol , ECL Western blotting detection reagents,
w  .Hyperfilm Amersham, Braunschweig, FRG ;
 .ciprofloxacin Bayer, Wuppertal, FRG ; Falcon 96-
well-plates Becton Dickinson and Company, Lincoln
.Park, NJ, USA ; amphotericin B, peroxidase-con-
jugated sheep anti-rabbit-IgG antibody Boehringer,
. w14 xMannheim, FRG ; C methylated-methemoglobin
 . spec. act. 30 mCirmg DuPont NEN, Bad Hom-
. burg, FRG ; skim milk powder Fluka, Neu-Ulm,
.FRG ; Dulbecco’s modified Eagle’s medium
 .  .DMEM rF12 1:1 , Dulbecco’s phosphate-buffered
 . saline DPS , vitamine mixture Gibco, Eggenstein,
.  .FRG ; vancomycin Lilly, Bad Homburg, FRG ;
Coomassie brilliant blue G250, ethylene glycol-
 . X Xbis b-aminoethyl ether -N,N,N , N -tetraacetic acid
 .  .EGTA , pronase E, trichloroacetic acid TCA , TRIS
 . wMerck, Darmstadt, FRG ; Immobilon P polyvinyl
 .difluoride membranes Millipore, Eschborn, FRG ;
 . cholecystokinin-octapeptide, sulfated CCK-8 Re-
.search Plus, Bayonne, NJ, USA ; bovine serum albu-
 . Xmin BSA , N-2-hydroxyethylpiperazine-N -2-
 . ethane-sulfonic acid Hepes Serva, Heidelberg,
.FRG ; bicinchoninic acid solution, brilliant cresyl
blue, collagenase type V, DMEM deficient in L-
methionine, fetal calf serum, L-glutamine,
hemoglobin, indometacin, naphthol blue black, nutri-
 .ent mixture F-12 ham, pepsinogen A grade I-S from
porcine stomach, penicillin G, Percollw, phenyl-
 .methylsulfonyl fluoride PMSF , pyruvate, rat tail
 . collagen type I , streptomycin Sigma, Deisenhofen,
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.FRG . All other chemicals were of analytical grade
 .from Merck Darmstadt, FRG .
2.2. Methods
2.2.1. Cell preparation
Cells were prepared by a modified method of
w xBeinborn et al. 26 . The following buffers were used:
 .buffer A consisted of mmolrl NaCl 100, NaHCO3
20, KCl 5, NaH PO 0.5, Na HPO 1, Hepes 25,2 4 2 4
glucose 11.1, indometacin 0.01, penicillin G 100
Urml and streptomycin 100 mgrml. Buffer B had
the same composition but contained additionally
 .mmolrl CaCl 1, MgCl 1.5 and BSA 2 mgrml.2 2
 .Buffer C contained mmolrl NaCl 91, NaHCO 10,3
KCl 2.5, NaH PO 0.25, Na HPO 0.5, CaCl 1.2,2 4 2 4 2
MgCl 1.8, Hepes 12.4, glucose 11.1, BSA 2 mgrml,2
indometacin 0.01, penicillin G 100 Urml, strepto-
 .mycin 100 mgrml and Percoll 50% vrv . In brief,
for each experiment fundic mucosae of six slaughter-
house pigs were separated from the muscle and con-
nective tissues and transported to the laboratory in
 .ice-cold buffer A. The mucosae 400 g wet weight
were cut into 5 mm=5 mm squares and suspended
in 600 ml buffer A, containing 1 g pronase E. The
suspension was incubated for 30 min at 378C in a
 .shaking water bath 100 oscillationsrmin . Buffer A
was discarded and the mucosal pieces incubated in
600 ml buffer B, containing 24 mg collagenase, for
45 min as described above. Buffer B was replaced by
fresh collagenase-containing buffer B and the incuba-
tion was repeated 4 times. Isolated cells were col-
lected from the supernatants of the collagenase incu-
bations 4 and 5 by centrifugation 500=g, 8 min,
.48C , washed in collagenase-free buffer B, resus-
pended in 80 ml collagenase-free buffer B, mixed
with 320 ml buffer C and centrifuged 530=g, 30
.min, 48C . The sediment, containing mainly chief
cells and erythrocytes, was resuspended in collage-
nase-free buffer B and injected into a Beckman elu-
triation system, consisting of a J M6 centrifuge and a
JE-5.0 rotor, which was run with antibiotic-free buffer
B as the eluent. Cells were separated in a large
elutriation chamber at 48C at a constant rotor speed
of 1280 rpm. Three fractions were collected at flow
 .rates of 29 mlrmin F1, sample volume 750 ml , 54
 .mlrmin F2, sample volume 500 ml and 150 mlrmin
 .F3, sample volume 700 ml , respectively. Chief cells
were detected by staining with brilliant cresyl blue
w x26 . Fraction F3, which consisted mainly of chief
 .cells 74.4"2.9%, ns9 and was practically devoid
w xof parietal cells as described previously 26 , was
used for the further experiments. Dead cells were
detected by the trypan blue exclusion test and
 .amounted to 4.0"0.7% ns9 .
2.2.2. Cell culture
 .F3 cells were centrifuged 1800=g, 48C, 10 min
and resuspended in a concentration of 1.25=106
cellsrml in culture medium, consisting of
 .  .DMEMrF12 1:1 supplemented with 8% vrv fetal
 .  .calf serum not heat inactivated , 1.4% vrv vita-
mine mixture, 10 mgrml vancomycin, 45 mgrml
ciprofloxacin, 2.5 mgrml amphotericin B and 500
mgrml L-glutamine. The cell suspension was seeded
 .on 96-well-plates 250 mlrwell , which had been
coated with 9 mg rat tail collagen per well. The
culture plates were incubated at 378C, 5% CO and2
100% humidity. Confluent monolayers formed at
about 30 h after the start of the culture. Culture
medium was exchanged at day 4 and 7 of culture.
The histochemical and immunohistochemical charac-
terization of these cultures has been published previ-
w xously 26 .
2.2.3. Sample preparation for characterization of
pepsinogen and total protein content and of pepsino-
gen isoenzyme and total protein synthesis
At the indicated times, culture medium was sucked
off and the cell monolayers were washed twice with
250 ml of fresh culture medium. Then 250 ml of
culture medium, containing a reduced L-methionine
 . w 35 xcontent 4.5 mgrl and 40 mCirml L- S methionine
w x27 , were added per well and the culture plates were
incubated at 378C, 5% CO and 100% humidity for2
24 h. To obtain the probes for released proteins, 200
ml cell supernatant per well were transferred to an
Eppendorf vial and centrifuged for 15 s in an Heraeus
Biofuge A at 13 000 rpm. 150 ml of each resulting
supernatant were transferred to another Eppendorf
vial and stored at y208C until further use. To obtain
the intracellular probes, the remainder of the cell
supernatant was sucked off and the cells were soni-
 .cated in 100 ml 10 mmolrl TRIS buffer pH 7.4
containing 1 mmolrl EGTA and 150 mmolrl PMSF.
In the case of samples designated for determination
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 .of total PG content, DPS, consisting of in mmolrl
NaCl 137, KCl 2.6, KH PO 1.5, Na HPO 8, MgCl2 4 2 4 2
1.2 and CaCl 2, was used for sonication instead.2
2.2.4. Nati˝e polyacrylamide gel electrophoresis
w 35 xProbes from L- S methionine-labelled cells were
w xsubjected to native PAGE 23 . In detail, intracellular
samples, corresponding to 5 mg of total protein, or 20
ml of cell supernatants were applied per lane and
separated on a 4.5% stacking gel and a 10% resolving
gel in 10 mmolrl cathodic and 50 mmolrl anodic
piperazine acetate buffer pH 6 at a voltage of 32 V
and a current of 10 mA for 30 min and of 30 mA for
further 4 h at 48C. Subsequently the gels were either
subjected to the caseogram technique, to phosphor
imager analysis or to electroblotting. Samples con-
taining 500 ng commercially available porcine PG A
were treated in parallel.
2.2.5. Protease detection by the caseogram technique
Protease containing bands were detected by the
w xcaseogram technique 24 . For activation of PGs to
 .the corresponding pepsins the polyacrylamide PA
gels were immersed in 0.1 N HCl for 20 min at room
temperature and then for 20 min in 300 mmolrl
 .sodium acetate buffer pH 5.3 , the latter incubation
was repeated after buffer replacement. Subsequently
 .  .skim milk 1% wrv -agarose 1% wrv gels were
rolled onto the PA gels. The resulting sandwich gels
were incubated in a humid chamber for 30 min at
378C and left for at least 15 min at 48C afterwards.
Protein precipitates, indicating the presence of pro-
teases, were detected in the skim milk-agarose gel in
diffuse side-light as white spots and were photo-
graphed immediately and after permanent staining
 .with 0.02% wrv aqueous naphthol blue black solu-
tion for 20 min.
2.2.6. Quantification of pepsinogen and of total pro-
tein synthesis by phosphor imager analysis
PA gels were stained overnight with Coomassie
  .brilliant blue G250 0.01% wrv in an aqueous
 .solution containing 10% vrv acetic acid and 50%
 . .vrv methanol to prevent further diffusion of the
proteins. Excessive dye was removed by washing
 .with an aqueous mixture containing 5% vrv acetic
 .acid and 10% vrv methanol. Then the gels were
dried, wrapped in plastic foil and subjected to phos-
phor imager analysis Molecular Imager, Bio-Rad GS
.250 for about 24 h. Data evaluation was performed
with the Phosphor Analyst software Biorad, Her-
.cules, USA .
2.2.7. Detection of pepsinogen isoenzymes by im-
munoblot
Proteins separated by native PAGE were trans-
ferred to Immobilon Pw membranes by electroblot-
ting. The membranes were put overnight in TBS
buffer, consisting of 25 mmolrl TRIS and 150
mmolrl NaCl, pH 7.5, supplemented with 0.05%
 .  .vrv Tween 20 and 5% wrv skim milk powder.
Subsequently the membranes were washed 3 times
with TBSrTween, devoid of skim milk powder, and
then incubated in the same buffer for 1 h at room
temperature with either a specific PG A or C anti-
body, raised in rabbits generous gifts from Prof.
.Bent Foltmann, University of Copenhagen, Denmark .
Antibody dilution was 1:10 000 and 1:5000, respec-
tively. The membranes were then washed 6 times for
5 min each with TBSrTween. After incubation with
a peroxidase-conjugated anti-rabbit-IgG antibody di-
.lution 1:5000 in TBSrTween for 45 min at room
temperature, the membranes were washed 3 times
with TBSrTween and immunoreactive PG bands
were then detected by the ECL-system and docu-
mented on Hyperfilmw.
2.2.8. Enzymatic pepsinogen assay
The PG content of samples not subjected to native
PAGE was determined after acid-activation to pepsin
w14 x w xby a C methemoglobin method 28 . In detail, mix-
 .tures of 50 ml sample and of 150 ml 1% wrv
hemoglobin solution in 0.1 N HCl, containing 10 000
w14 xdpm C methemoglobin, were incubated for 30 min
at 378C in Eppendorf vials. Then the enzymatic
reaction was stopped by addition of 75 ml of 25%
 .wrv TCA and the vials were centrifuged for 2 min
in an Heraeus Biofuge A at 13 000 rpm. 100 ml of
each supernatant were mixed with 4 ml liquid scintil-
 .lation cocktail LSC Safety Cocktail, Baker and the
contained radioactivity was determined in a liquid
scintillation counter LKB 1217 Rackbeta. The PG
content of the samples was calculated with the help
of a standard curve, set up in parallel with commer-
cially available porcine PG A, 0.025–1 mg per assay.
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Fig. 1. Protein and pepsinogen content of chief cell cultures.
 .  .Total protein content v , intracellular PG content I and
amount of PG released from chief cells during a 24 h incubation
 .at the indicated culture days ^ were determined and total PG
 .content of the cultures % calculated as the sum of intracellular
and released PG. Values represent means and SEM of 3 different
cell preparations. )) P -0.01 vs. the respective day 1 value.
2.2.9. Protein determination
The protein content of the cellular samples was
w xdetermined by the bicinchoninic acid method 29 .
2.2.10. E˝aluation of effects of CCK-8 on pepsinogen
release from cultured chief cells
Culture medium of cells cultured for 6 and 9 days,
respectively, was sucked off and the cell monolayers
were washed twice with DPS containing a reduced
 .  .MgCl 0.5 mmolrl and CaCl 0.9 mmolrl con-2 2
centration. Then 250 ml of DPS, containing 1.2
mmolrl MgCl and 2 mmolrl CaCl were added per2 2
 .well. At the start of the incubation ts0 min , 10 ml
aqueous CCK-8 solution or 10 ml distilled water for
.control samples were added and the 96 well plates
were incubated in a shaking water bath 100 oscilla-
.tionsrmin at 378C for 45 min as described previ-
w xously 17 . To terminate the incubation, 200 ml cell
supernatant per well were transferred to an Eppendorf
vial and centrifuged for 15 s in an Heraeus Biofuge A
at 13 000 rpm. One hundred and fifty ml of each
resulting supernatant were transferred to another Ep-
pendorf vial and stored at y208C 45 min-extracellu-
.lar values for control and CCK-8-treated probes .
Accordingly, probes for the extracellular PG content
at the start of the incubation 0-min extracellular
.values were obtained. Probes for the initial overall
PG content were obtained by sonicating cell monlay-
ers at the start of the incubation 0 min-overall
Fig. 2. Phosphor imager diagrams of intracellular and released chief cell proteins separated by native PAGE. Chief cells were incubated
w 35 x  .during the indicated culture days for 24 h in the presence of 40 mCirml L- S methionine. Then cellular proteins 5 mg per lane and
 .cell supernatants 20 ml per lane were subjected to native PAGE and radiolabelled proteins on the gels detected subsequently by
 .  .phosphor imager evaluation. Direction of electrophoresis was from top cathode to bottom anode . Bands A1 and A2 were PG A,
 .  .band s C PG C antibody-reactive see Fig. 3 . SG indicates proteins which did not enter the resolving gel but remained in the stacking
gel. The numbers shown above the lanes indicate the respective culture day. Shown is an example for a chief cell culture with a high
 .  .initial PG A1 expression see text . Direct quantitative comparison is only justified for intracellular samples left but not for samples of
 .released material right , because of the different amounts of protein applied in the latter case.
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.values . The PG content of 50 ml aliquots of the
samples was determined as described above see
. Section 2.2.8 . The initial intracellular PG content 0
.min-intracellular value was calculated as difference
0 min-overall value y 0 min-extracellular value. The
PG release during the 45 min incubation was calcu-
lated in % of the initial intracellular PG content
according to the equation: PG releases 45 min-ex-
.tracellular value y 0 min-extracellular value r0
min-intracellular value.
2.2.11. Statistics
Values are indicated as means"SEM. N indicates
the number of different cell preparations. Data were
w xanalyzed by analysis of variance 30 with the SPSS
 .program SPSS and subsequently by Dunnett’s t-test
w x31 to check for significant differences between dif-
ferent treatment groups. A P-value of -0.05 was
considered to be significant.
3. Results
3.1. Total pepsinogen and protein content of chief
cell cultures
Fig. 1 shows the time-course of the total protein
and PG content of chief cell cultures. The total PG
Fig. 3. Detection of pepsinogen isoenzymes with specific pepsinogen A and C antibodies on Western blots. Chief cells were incubated
w 35 xduring the indicated culture days for 24 h in the presence of 40 mCirml L- S methionine. Then cellular and released proteins were
 .subjected to native PAGE and Western blotting. PG isoenzymes were detected on the blot membranes by a specific PG A left or C
 .antibody right , using the ECL system. Shown are immunoblots for the cell preparation, phosphor imager diagrams of which are
 .  .  .presented in Fig. 2. Direction of electrophoresis was from top cathode to bottom anode . Bands A1 and A2 were PG A, band s C PG C
antibody-reactive. The slight reaction of the PG A antibody with two further bands of lesser electrophoretic mobility may indicate the
presence of additional PG A isoenzymes or a cross-reaction with PG C. The numbers shown above the lanes indicate the respective
culture day. S indicates a lane on which 500 ng commercially available PG A was applied. Direct quantitative comparison is only justified
 .  .for intracellular samples top but not for samples of released material bottom , because of the different amounts of protein applied in the
latter case.
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content was calculated as the sum of the intracellular
PG content and of the amount of PG released from
the cells during the respective culture day. After an
initial decrease, no further significant changes were
detectable for all parameters from day 3 to 9 of
culture, suggesting that the cell cultures, after an
initial settling period, had attained an approximate
steady state. During culture the proportion of released
 .PGs increased significantly P-0.05 from 55% at
day 1 to an average of 75"5% of total PG content
during the supposed steady state mean value"SEM
.of the mean values for days 3 to 9 .
3.2. Pepsinogen isoenzymes contained within and
released from cultured porcine chief cells
During days 1, 2, 3, 4, 7 and 9 of culture, respec-
tively, chief cells were cultured for 24 h in the
w 35 xpresence of 40 mCirml L- S methionine. Then
samples of intracellular and released material were
taken and subjected to native PAGE as described in
Section 2.2. To identify PG isoenzymes, Western
blots with specific PG A and C antibodies and pro-
tease detection according to the caseogram technique
wwere performed subsequently. In addition, L-
35 xS methionine-labelled proteins, which had been
freshly synthesized during the 24 h labelling period,
were detected on the PA gels by phosphor imager
evaluation. Examples of the phosphor imager dia-
grams, immunoblots and caseograms obtained in par-
allel from one representative cell culture are pre-
sented in Figs. 2–4.
The radioactivity bands A1 and A2 numbered
.according to decreasing electrophoretic mobility ,
which were the main radioactivity bands detectable
 .by phosphor imager examination Fig. 2 , corre-
sponded to PG A antibody-reactive bands on the
 .respective Western blots Fig. 3 and to bands con-
taining protease activity on the respective skim milk-
 .agarose gels Fig. 4 . Based on these immunological
and enzymatic results, these bands were therefore
designated to contain PG isoenzymes A1 and A2,
respectively.
Immunoblots suggested also the presence of two
 .PG C antibody reactive bands Fig. 3 , which corre-
sponded to two protease-positive bands on the respec-
 .tive caseograms Fig. 4 . Therefore these bands were
designated to contain two PG C isoenzymes. Ra-
dioactivity bands corresponding to the PG C isoen-
zymes could only be detected by computer analysis
 .of the phosphoimager diagrams Fig. 2 because of
 .their low intensity see Section 3.3 . No PG C anti-
body reactive material was detectable in immunoblots
 .of a commercially available PG A standard Fig. 3 ,
which was subjected to native PAGE in parallel for
comparison and the PG C antibody did not cross-re-
 .act with the PG A1 and A2 band Fig. 3 . On the
other hand, the PG A antibody showed an additional
weak reaction with two bands of electrophoretic mo-
bilities corresponding to those of the PG C antibody-
Fig. 4. Protease detection by the caseogram technique. Chief cells were incubated during the indicated culture days for 24 h in the
w 35 xpresence of 40 mCirml L- S methionine. Then cellular and released proteins were subjected to native PAGE and protease containing
 .  .bands on the PA gels detected by the caseogram technique. Direction of electrophoresis was from top cathode to bottom anode . Bands
 .  .A1 and A2 were PG A, band s C PG C antibody-reactive see Fig. 3 . The numbers shown above the lanes indicate the respective culture
day. S indicates a lane on which 500 ng commercially available PG A was applied. Direct quantitative comparison is only justified for
 .  .intracellular right but not for samples of released material left , because of the different amounts of protein applied in the latter case.
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 .reactive bands Fig. 3 . This may suggest either the
presence of two additional PG A isoenzymes or,
more likely in our opinion, a weak cross-reaction of
the PG A antibody with the PG C isoenzymes.
The obtained data indicated marked changes in the
PG isoenzyme spectrum of the intracellular and re-
leased material during the first 3 days of cell culture.
 .  .Immunoblots Fig. 3 and caseograms Fig. 4 sug-
gested a decrease in the PG C content of intracellular
and released material after day 1 and 2 of cell culture,
respectively. In accordance with the decrease in PG
 .A1 synthesis Fig. 2 and Section 3.3 immunoblots
 .  .Fig. 3 and caseograms Fig. 4 suggested also a
decrease in the PG A1 to PG A2 ratio in intracellular
and released material after day 2 of cell culture.
3.3. O˝erall protein synthesis and pepsinogen isoen-
zyme synthesis of cultured porcine chief cells
w 35 xThe L- S methionine activity contained within
the different lanes of the PA gels after native PAGE
of intracellular and released material was quantified
by computer analysis of the phosphor imager data
 . Fig. 2 and the obtained values expressed as phos-
.phor imager units per lane were taken as estimates
of the synthesis of intracellular and released proteins,
respectively, by the cells during the respective culture
days. After correction for differences in the protein
 .content of the samples see Fig. 1 , these values were
added up to obtain an estimate of the overall protein
synthesis, expressed as phosphor imager unitsrmg
protein per 24 h. Protein synthesis activity of the cells
expressed in this way did not significantly change
 .from day 1 to 9 of culture data not shown .
w 35 xCorrespondingly, the L- S methionine activity
contained within the A1, A2 and C bands was also
quantified by computer analysis of the phosphor im-
ager data. After correction for differences in the
protein content of the samples values for intracellular
and released samples expressed as phosphor imager
.units per band were added up to obtain an estimate
for total synthesis of the different PG isoenzymes.
Finally, PG isoenzyme synthesis was expressed as
percentage of total protein synthesis of the cultured
cells during the respective 24 h incubation period. As
depicted in Fig. 5, total PG synthesis sum of PG A1,
. A2 and C synthesis showed an initial decrease P-
.0.05 from 65"6% of total protein synthesis at
culture day 2 to 29"10% at culture day 3, mainly
 .attributable to a significant P-0.05 decrease in
 .PG A1 synthesis see below , but no further signifi-
cant changes from day 3 to 9, the mean value averag-
ing out at 34"2% mean value"SEM of the mean
.values for day 3 to 9 . PG A2 was the main protein
synthesized by the cultured cells throughout day 1 to
9 and the percentage of PG A2 synthesis 29"2%,
mean value"SEM of the mean values for day 1 to
.9 did not significantly change during cell culture
 .Fig. 5 . The proportion of radiolabelled PG A2 was
Fig. 5. Synthesis of pepsinogen isoenzymes by cultured chief
cells. Chief cells were incubated during the indicated culture days
w 35 xfor 24 h in the presence of 40 mCirml L- S methionine. Then
cellular and released proteins were subjected to native PAGE and
 .phosphor imager evaluation see Fig. 2 followed by computer
data analysis. Total amount of radioactivity contained in the PG
 .  .  .isoenzyme bands A1 I , A2 ‘ and C ^ was calculated as
the sum of the respective values for intracellular and released
 .proteins data not separately shown . Values for total PG synthe-
 .sis l were calculated as the sum of the values obtained for the
PG isoenzymes A1, A2 and C. Shown are means and SEM of 3
wdifferent cell preparations. Values are given in % of total L-
35 xS methionine incorporation, as a measure of total protein syn-
thesis of the cultured cells.
( )H.-K. Heim et al.rBiochimica et Biophysica Acta 1359 1997 35–47 43
 .significantly P-0.01 higher in released than in
intracellular proteins 44"3% versus 19"2% of
total protein synthesis, means"SEM of the mean
.values for day 1 to 9, data not shown . Initial PG A1
synthesis varied considerably between cells from dif-
ferent preparations, but decreased significantly P-
. 0.05 from day 2 to 3 of culture 35"17% vs.
.0.9"0.6% of total protein synthesis, Fig. 5 , due to a
decline in the proportion of radiolabelled PG A1 in
both the intracellular and the released material Fig.
. 2 , and remained at a low level thereafter 0.7"0.4%,
mean value"SEM of the mean values for day 3 to
.9 . PG C isoenzymes were synthesized at a low rate
 .throughout the culture period Fig. 5 . The totalized
value for the two PG C isoenzymes averaged out at
4.6"0.2% of total protein synthesis mean value"
.SEM of the mean values for day 1 to 9
Fig. 6. Effects of CCK-8 on pepsinogen release from chief cells
 .  .cultured for 6 ‘ and 9 days I . Cultured chief cells were
 .incubated for 45 min in the absence controlsC or presence of
the indicated CCK-8 concentrations and pepsinogen release was
determined as described in Section 2.2. Values represent means
and SEM of triplicate measurements from 4 different cell prepa-
rations. ) P -0.05 and )) P -0.01 vs. the respective control
value.
3.4. Stimulation of pepsinogen release from the cul-
tured chief cells by CCK-8
CCK-8, when applied alone, does not result in a
significant stimulation of PG release from freshly
isolated porcine chief cells. However, we could re-
cently show that CCK-8 stimulation is restored dur-
w xing a 60 h cell culture 17,32 . To investigate whether
this stimulatory CCK-8 effect is preserved during a
prolonged culture, the effects of CCK-8 on PG re-
lease from chief cells cultured for 6 and 9 days were
w xevaluated. Like in 60 h cultured chief cells 17 ,
CCK-8 resulted in a significant stimulation of the PG
release from 6 and 9 day cultured chief cells and the
CCK-8 concentration-response curve displayed two
 .maxima, one at low 100 pmolrl and one at high
 .1–10 mmolrl concentrations, and an intervening
 .nadir at 1 nmolrl CCK-8 Fig. 6 .
4. Discussion
The results of this study suggest that porcine chief
cells, kept in monolayer culture for up to 9 days,
maintain their ability to synthesize PGs as their main
protein product and that the proportion of the differ-
ent PG isoenzymes synthesized changes markedly
during the first days of culture but remains fairly
constant thereafter.
After an initial decrease in the total protein and PG
content of the cultures, which may be, at least in part,
attributable to a loss of cells from the cultures data
.not shown , but not to a change in the cellular
composition of the cultures as evaluated by immuno-
w xcytochemistry with a pepsinogen A antibody 26 and
w x .by PASralcian blue staining 26 , data not shown an
approximate steady state for these parameters was
reached from day 3 to 9 of culture. Protein characteri-
zation by native PAGE in combination with phosphor
imager analysis, protease detection and immunoblots
suggested the presence of both PG A and C isoen-
zymes in the cultured chief cells. This is in accor-
dance with studies showing the presence of PG A and
wC in extracts of porcine gastric mucosa 19,21,22,33–
x35 and with the immunohistochemical detection of
both PG A and C in porcine gastric chief cells in situ
w x36 . In addition, porcine PG A mRNA has been
w xcloned 37–39 . A co-localization of PG A and C in
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gastric chief cells has also been reported for other
w xspecies 1 . Data concerning the number of PG isoen-
zymes in porcine gastric mucosa are equivocal, sug-
w xgesting the presence of two PG C 19,22 and of
w x w xeither 3 19 or 4 22 PG A isoenzymes. Since the
cited studies were performed with extracts of whole
porcine gastric mucosa, the cellular origin of the
different PG isoenzymes remained unclear. The re-
sults of this study suggest the presence of at least 2
PG A and of 2 PG C isoenzymes in the cultured
porcine chief cells. In line with the nomenclature
w xused for human PG isoenzymes 1 , PG A isoen-
zymes were numbered according to decreasing elec-
trophoretic mobility in this study. In keeping with
w xdata published for porcine PGs 19,22 and PGs from
w xother species 1 , the electrophoretic mobilities of the
detected PG A isoenzymes were greater than those of
the PG C isoenzymes.
There were marked changes in PG isoenzyme
synthesis and content during the first 3 days of
culture, mainly characterized by an apparent decrease
 .in the PG C and A1 content Figs. 3 and 4 and in PG
A1 synthesis from day 2 to 3. On the other hand, PG
A2 synthesis remained on a high and PG C synthesis
on a low level throughout the culture period. The low
level of PG C and A1 synthesis from the beginning
.and after day 2 of culture, respectively and the
apparent subsequent decrease in their cellular content,
suggest that the synthesis rates of these isoenzymes
in the long-term cultured cells were too low to re-
plenish the loss due to release from the cells and to
maintain a cellular content comparable to that at the
start of culture. On the other hand, PG A2 remained
the main protein synthesized throughout the culture
period. In line with an active release, the PG A2
proportion was on average significantly higher in
released than in intracellular proteins.
There is evidence that PG synthesis of chief cells
w x w xis regulated by neural 40 , hormonal 41–44 and
paracrinerjuxtacrine factors. The latter may be re-
w xleased by epithelial 45,46 and mesenchymal cells
w x47,48 of the gastric mucosa. Factors suggested to be
involved in an up-regulation of PG expression by
chief cells in vivo, especially during maturation, in-
w x w xclude glucocorticoids 41–43 and thyroxine 44
whereas transforming growth factor a has been re-
w xlated to a down-regulation 49 . Our in vitro data
suggest that the expression andror intracellular pro-
cessing of PG A2 on one and PG A1 and C on the
other hand are differentially regulated. It may be
hypothesized that the low rate of PG A1 and C
synthesis and the subsequent decrease in their cellular
 .content was due to the absence of one or more
factors essential for their, but not for PG A2 expres-
sion during cell culture. Since PG C synthesis was
low from the start but PG A1 synthesis decreased
only after day 2 of culture, additional differences in
the regulation of the expression of these isoenzymes
may exist. Preliminary data from experiments desig-
nated to identify factors involved in the regulation of
PG synthesis in our in vitro system suggest that
glucocorticoids and thyroxine may have small and
transforming growth factor b stronger stimulatory
effects on the PG content of the cultured cells Heim
.et al., unpublished data , however, time- and concen-
tration-dependency as well as PG isoenzyme-specific-
ity remain to be established.
The initial expression of PG A1 was highly vari-
able between different cell preparations. Heterogene-
ity of porcine PG A has been related to the occur-
rence of phosphorylated and dephosphorylated
 w x.formerly called PG D 21 forms of a common
w xprecursor 20 . On the other hand, the high degree of
individual differences in human PG A isoenzyme
pattern has been related to a genetic polymorphism in
allele haplotypes determining PG A isoenzyme ex-
w xpression 1 . Southern analyses of porcine genomic
DNA suggested the presence of only a single PG A
gene per haploid genome, however, it could not be
entirely excluded that the individual pigs used for
these studies were related, for instance as a conse-
w xquence of inbreeding 15 . Therefore the reasons for
porcine PG A heterogeneity remain to be established.
w 35 xL- S methionine incorporation into a particular
protein depends on the amount of the respective
protein synthesized, the metabolic stability of the
protein and on the frequency of L-methionine in the
amino acid chain of the protein. The mean frequency
of L-methionine in cellular proteins is about 2.2%
w x50 . On the other hand, it has been reported that
porcine PG A consists of 371 amino acids, 4 of
w xwhich are L-methionine 20 , resulting in a L-
methionine frequency of 1.1%. Although the se-
quence of porcine PG C has been only partly eluci-
w xdated till now 19 , a low proportion of L-methionine
can be estimated from data published for PG C of
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w xother species 1 . These data therefore suggest that
the contribution of PG synthesis to total protein
synthesis may be actually higher than the 34% esti-
w 35 xmated for day 3 to 9 cultures from L- S methionine
incorporation.
The long-term cultured chief cells remained func-
tionally responsive to CCK-8 stimulation. The CCK-8
concentration-response curves for PG release from 6
and 9 days cultured cells, like that for 60 h cultured
w xcells 17 , displayed two discrete stimulatory maxima
 .  .in the low 100 pmolrl and high 1–10 mmolrl
concentration range with an intervening nadir at 1
nmolrl. Biphasic response curves for CCK-receptor
agonists have been previously reported, e.g. for cul-
w xtured colon cancer cells 51 . For example, growth of
COLO-320 cells was increased by gastrin with maxi-
mal stimulation at 100 pmolrl and 1 mmolrl and a
w xnadir at 1 nmolrl 51 , data which compare well to
those obtained for CCK-8 in our experiments. In
general, the up- and downturn phases of bell-shaped
response curves have been related to the switch on of
opposing cellular responses by activation of different
w xreceptor conformation states or subtypes 52 . CCK
receptors can be subdivided into CCK , CCK and,A B
w xpossibly, CCK receptor subtypes 53 , splice vari-C
w xants 54 and interconvertible affinity states of which
w xmay exist 55,56 . The affinity of CCK-8 for the
high, low and very low affinity state of the CCKA
and CCK receptor varies considerably with K -val-B D
ues in the pico- to low nanomolar, low to high
wnanomolar, and micromolar range, respectively 55–
x57 . Half-maximal binding to the putative CCK C
w xreceptor occurs in the micromolar range 53 . The
w xpresence of different high 32 and of very low
w xaffinity CCK receptors 53 has been detected in
homogenates of porcine gastric mucosa. Like postu-
lated for the bell-shaped CCK-8 concentration-re-
sponse curve for amylase release from acinar cells,
the up- and downstroke of the low concentration peak
for PG release may therefore be related to the activa-
tion of high and low, or low and very low affinity
w xCCK receptors, respectively 57–59 . Furthermore, as
deduced from a value of )10 nmolrl for half-maxi-
mal stimulation, the high concentration peak could
result from an activation of low or very low affinity
w xCCK receptors 53,55,56 .
For a meaningful interpretation of long-term hours
.to days drug effects on chief cells, an approximate
biochemical steady state of the experimental model
utilized appears to be useful. Freshly isolated chief
cells in suspension culture show a rapid within
.several hours decrease in viability and are therefore
not suitable for this purpose. The results of this study
suggest that, after marked changes during culture
initiation, porcine chief cells attain a new approxi-
mate equilibrium in PG isoenzyme production from
day 3 to 9 of culture. Since the cultured cells re-
 w x.sponded to CCK-8 stimulation this study and 17 ,
this ‘in vitro’ model appears to be suitable for the
investigation of long-term drug effects on PG isoen-
zyme expression and release by gastric chief cells.
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